The hybrid electric vehicle (HEV) became an alternative to reduce the fuel consumption. The HEV parallel configuration consists of two separated drive systems, such as the engine/powertrain system and an extra electric motors (EMs) system. The addition of an extra electrical power changes the engine operation point and consequently the fuel consumption. However, there are many ways to introduce this electrical power source as a secondary drive system. In this paper, two parallel HEV configurations are studied in a condition where the conventional engine/powertrain system, coupled to the vehicle front wheels, is the main power source and two different configurations of EMs drive system, coupled to the rear wheels, are auxiliary power sources. The first one consists of two in-wheel motors coupled directly to the vehicle rear wheels and the other one is an EM coupled to a differential system similar to the existent in the conventional vehicle powertrain. The aim of this paper is to simulate and compare the HEV behavior with the conventional vehicle behavior, both of them running in the Brazilian urban drive cycle NBR6601, evaluating differences in performance, fuel consumption and battery discharging when applicable.
INTRODUTION
The increasing number of cars may be causing serious effects to the environment and to humans, such as pollution, global warming, depletion of oil reserves, among others [1] . Vehicles propelled by combustion engines are probably the prominent fossil fuel consumers around the world [2] . The vehicles propelled only by the internal combustion engine (ICE) present some disadvantages like low energy efficiency, excessive harmful chemical emissions, high noise level and heavy dependence on a single fuel source [3] . The electric vehicles (EV) could be a solution but, until this moment, their present short driving range [4] combined with the long recharging period of theirs batteries postpones their widespread commercialization [5] .
The hybrid vehicles use different power sources with various powertrain configurations, including the ICE, electric motors (EMs), electric generators and battery packs [6] . In this paper are studied the hybrid electric vehicles (HEVs) that are one of the solutions proposed to minimize problems associated with the energy crisis and global warming [3] . These vehicles consume less gasoline and emit less pollution than conventional vehicles without decreasing performance [7] . The HEVs are designed to minimize the emission of pollutants [8] , and also to improve the vehicle acceleration performance, the slope climbing capacity and providing fuel consumption reduction [9] . However the HEVs performance is directly dependent on the power management strategies used to control the power flow between the different subsystems [4] .
The HEVs present a power management system (PMS) that splits the power demand between the available power sources, according to the driving condition. The ICE presents low efficiency in transient regimes and idling. The PMS control strategy for the HEVs tries to avoid these regimes by managing the energy sources in order to minimize fuel consumption and emissions [10] .
There are several ways to implement power management control, one alternative is the rule based strategies that use heuristic methods, based on the human expertise and even mathematical models [11] and [12] . This rule based control is applied in [13] , [14] , [15] , [16] and [17] . The rules depend on the vehicle power demand that is defined by the vehicle longitudinal dynamics equating that considers the driver requested acceleration and the motion resistance forces. The PMS controls the state of each power source to keep the engine running at low fuel consumption operation point. The PMS also evaluate the battery state of charge ( ), to avoid high discharges that reduce the range of electrical propulsion and to prevent the complete battery discharge. This paper studies the HEV parallel configuration where the (EMs) are directly coupled to the vehicle rear wheels as proposed in [1] , [16] and [17] without any mechanical connection with conventional ICE/powertrain system that is similar to the conventional vehicle system. According to the experimental results shown in [18] this HEV configuration presents a significant improvement of vehicle fuel consumption as compared with the conventional vehicle, this because the addition of the extra electrical power in the system that allows the engine to run in a different operation point decreasing the fuel consumption.
There are many ways of introducing the extra electrical power source in the vehicle. In this paper are analyzed two different EMs propeller system coupled to the vehicle rear wheels, as proposed in [19] for a pure electric vehicle (EV). The first one consists of two EMs coupled inwheel configuration where the EMs are directly connected to the vehicle rear wheel without any transmission system. The second configuration presents only one EM coupled to a differential (similar to the conventional powertrain system), to propel both rear vehicle wheels.
In order to realize the benefits of HEVs, simulation models are used as the first step in the design development process to analyze and improve the engine fuel economy, vehicle top speed and acceleration performance [16] . In this paper the analyses are based on simulation results obtained by means of co-simulation technique between the multibody dynamics analysis software Adams TM which contains the vehicle model based on a 1.0L Brazilian vehicle, and Matlab/Simulink TM where are implemented the vehicle longitudinal dynamics equations and the power management system. The simulated HEV configurations are submitted to the Brazilian urban driving cycle NBR6601 [20] to represent the driving behavior as proposed in [21] . To create a comparative parameter, the conventional ICE vehicle is also simulated to emphasize the effects of the electrical power addition in the vehicle performance and fuel consumption.
VEHICLE LONGITUDINAL DYNAMICS
The vehicle power demand is based on the forces acting during the vehicle displacement as the aerodynamic drag, rolling and climbing resistance, powertrain and longitudinal displacement inertias and the driving behavior that inputs the desired vehicle acceleration [21] and [22] . The vehicle longitudinal dynamics evaluates, by means of equations, the motion resistance forces to define the vehicle required power to reach the drive desired speed. In this paper it will be used the longitudinal vehicle dynamics methodology proposed by [23] whose model is based on the motion resistances forces as shown in Figure 1 . Figure 1 -Arbitrary forces acting on a vehicle adapted from [23] The rolling resistance ( ) [N] correspond to the energy loss in the tire due to the deformation at the tire contact area, ground adhesion phenomenon and the rubber damping properties. At low speeds on hard pavement, the rolling resistance is the primary resistance load. The rolling resistance is calculated by the Equation (1) 
At high speeds, the air resistance imposed by the vehicle passage becomes responsible for the major parcel of the vehicle power demand. The aerodynamic drag ( ) [N] , is calculated by the Equation (2) ] and the drag coefficient ( ) that is an empirical constant depending on the vehicle shape. The climbing resistance corresponds to the gravitational force component parallel to the road plane. When the vehicle is at uphill state, the climbing resistance force acts against the movement. On the other hand, at downhill state, this force acts in favor of the movement [23] . The grade angle also influences the weight force component parallel to the ground which, as in the case of accelerating or braking on flat ground, results in a longitudinal weight transfer [24] . Thus, this paper is based on the NBR6601 driving cycle. The climbing resistance is disregarded in the vehicle power demand calculation because the standard cycle does not provide information about the road grade and it is considered null during the cycle.
The vehicle longitudinal displacement and the powertrain rotational inertia also generate resistance forces. For a conventional vehicle propelled only by the ICE/powertrain system, the available traction force ( ) [N] at the vehicle wheels is a function of the engine torque ( ) [Nm] , the gearbox ( ) and differential ( ) transmission ratios and the powertrain overall efficiency ( ) as shown in Equation (3). 
Because of the parallel HEV configuration, EMs are directly coupled to the rear wheels while the engine/powertrain system is connected to the front wheels. HEV needs to know the required torque at the vehicle wheels [17] . The wheels torque ( ) [Nm] is defined by the Equation (7).
The requested torque at the vehicle wheels ( ) [Nm] is calculated by the union of the Equations (6) and (7) as shown in Equation (8).
The PMS divides the required wheel torque ( ) between the available power sources. The PMS algorithm defines the best system to propel the vehicle according to the situation. The torque at the vehicle wheels is given by the sum of the ICE/powertrain torque ( ) [Nm] and the EMs torque ( ) [Nm] as shown in Equation (9).
After the power management system divides the requested torque [Nm] for each drive system, the EMs required torque ( ) is calculated by the Equation (10) (if the EMs are coupled in-wheel) as a function of the electric motor efficiency ( ) because in the in-wheel configuration the EMs are not coupled in the vehicle front wheels powertrain.
If the EM is coupled to the rear wheels by a differential transmission system, the EM requested torque ( ) [Nm] is given by the Equation (11) that considers the differential transmission ratio ( ) and the mechanical efficiency ( ) that are similar to the presented in the conventional vehicle powertrain.
The parcel of the torque demand destined to the engine ( ) is given by the Equation (12) that considers the differential transmission ratio ( ) and also the gearbox ratio ( ) that varies according to the selected gear.
During the gear shifting process, the clutch is responsible for decoupling the engine from the rest of the powertrain [21] and [25] . Because of this, the vehicle speed presents a decrease due to the torque interruption at the front drive wheels. After the clutch recoupling, the vehicle needs to increase the acceleration to return to the desired speed and it increases the engine fuel consumption. In this paper, the clutch maximum transmissible torque during the gear shifting process ( ) [Nm] is defined by the Equation (13) proposed by [26] . The force applied between the discs ( ) [N] is established according to the graphic method presented in [27] which is based on the parameters proposed in [28] for a 1.0L engine vehicle.
The shift duration must be short to prevent energy dissipation caused by the torque supply interruptions [29] . In this paper is used the estimated gear shift time of 1 second as proposed by [30] . The initial 0.3 s are used so that the engine gets to complete decoupling from the gearbox. The gearbox changes the transmission ratio and synchronizes the engine and the target gear speeds in the next 0.2 s to gradually recoupling the clutch discs increasing the transmittable torque until the driver demand level [31] during the remaining 0.5 s.
According to [32] the shift quality is determined by the gear shifting strategy that defines the appropriate moment to execute the shift. In this paper is used the gear shifting speeds proposed in [33] for a vehicle similar to the simulated at the conventional configuration. Due to the speed decrease caused by the engine decoupling during the gear shifting, [34] proposes that the downshift speed must be 5 km/h lower than upshift speed to avoid gear shifting instability.
The vehicle acceleration performance is limited by two factors: restricted traction at start-up condition and low speed and available power to propel the vehicle [23] and [35] . The vehicle traction limit is modeled as proposed in [36] .
The vehicle acceleration or braking process on flat ground results in a longitudinal weight transfer [24] . In vehicles propelled by the frontal wheels, the weight transferred during the vehicle acceleration can reduce the tire-ground maximum transmissible force � ( ) � [N] and decrease the vehicle performance as demonstrated in [22] . On the other hand, the rear tires traction limit � (14) and (15) show the maximum tire transmissible force
for the vehicle frontal and rear wheels according to the tire-ground peak coefficient of friction ( ).
As proposed by [36] , the weight force acting on the vehicle frontal [N] and rear [N] axles is calculated by the Equations (16) and (17) respectively. If the performance is limited by one of the tire traction limits, the vehicle acceleration is calculated by the Equation (4) replacing the available traction force by for the maximum tire transmissible force � ( ) � [N] according to the Equation (18) . In that situation, the vehicle acceleration decreases and consequently the applied weight force at the vehicle wheels changes. Where represents the frontal wheels available traction force from the ICE/powertrain system and is the rear wheels available traction force from the electrical power system (inwheel or differential system). 
Thus it is generated a loop among the Equations (4), (14) (15), (16) and (17) 
VEHICLE PROPELLING SYSTEMS
The simulated HEV is propelled by two independent power sources. The engine/powertrain system similar to the conventional vehicle at the front wheels, and the electrical system coupled to the rear wheel that act as a supplementary propelling system or principal power source at lower power demand.
The engine model is based on lookup table's values that contain the engine torque and fuel consumption data. The torque curves represents the available engine torque in function of the requested throttle and engine speed as shown in Figure 2 a) . If the requested engine torque ( ) [Nm] calculated by the Equation (12) overcomes the 100% throttle engine curve, the output torque value will be the maximum available torque and the vehicle performance will probably decrease. (Figure 2 b) ).
The total volumetric fuel consumption ( ) [l] is given by the sum of all the step consumptions according to the cycle size ( ) [s] as shown in Equation (20) .
The EMs were modeled according to the dynamic equations for a DC electric machine with independent field. The Equation (21) 
The armature current ( ) [A] is calculated by the Equation (22) 
The Electric motor angular speed (ω) [rad/s] is given by the Equation (23) 
The block diagram at the Figure 3 represents the union of the Equations (22) and (23) as proposed by [37] . The EMs efficiency is also considered in the calculation of the EMs power consumption. The Figure 4 shows the efficiency regions of the EMs where is possible to observe that the best efficiency is located at the EMs high speeds. At the startup condition, the EM presents the worst efficiency.
a) b)

Figure 4 -EMs efficiency: a) 12 kW and b) 5 kW
When the vehicle is in braking mode, the EMs are able to act as generators converting the kinetic energy into electricity that is stored in the batteries to be used in a future acceleration process [38] . The regenerative braking system allows the vehicle to recover the kinetic energy during deceleration [39] . However, not all the available energy are used to charge the battery. In this paper the EMs regeneration capacity will be considered as 20% of the maximum torque curve of each EM (  Figure 4 ). When the maximum EMs regeneration capacity is reached, the remaining brake requested torque is supplied by the frictional mechanical brake system that guarantees the vehicle deceleration performance [40] .
The EMs are also coupled to the vehicle by two different ways (in-wheel and differential), the combinations of EMs and coupling configurations totalize 4 HEV configurations and also the standard conventional vehicle as shown in Figure 5 .
The Figure 6 shows the available torque at the vehicle wheels according to the coupling configurations. The in-wheel configuration connects the EMs directly to the wheels. Due to this, the available torque at the wheels is the double of the EM output torque because there is one EM coupled in each vehicle rear wheel. As used at the in-wheel configuration, the EMs reach the null torque in a determined high speed which the vehicle cannot reach during the simulated driving cycle as shown in Figure 6 a). In this paper the differential used in the electric propelling system will be considered similar to that one used in the conventional powertrain. When the EM is connected to the vehicle wheels by a differential system, the available torque increases according to the differential transmission ratio ( ) and the mechanical efficiency ( ). The EM speed also increases by the transmission ratio ( ) reaching the higher operation speed quickly as shown in Figure 6 b). However, the EMs null torque is reached during some cycle sections making impossible its use at highest speeds. The battery model is a lithium-ion with 20 Ah capacity. The complete batteries discharge will reduce dramatically their life cycle [41] . To prevent the battery complete discharge, the battery state of charge is limited to 40% of the total possible discharge energy [19] . The can be expressed in (24) , as a function of the current ( ) [A] and the batteries capacity ( ℎ) [Ah] according to the time ( ) [s] .
DRIVING CYCLE
The standard cycles determine the vehicle speed behavior, during a trip, to calculate the required power by the vehicle to follow the cycle velocity profile. In this paper it is used the standard Brazilian urban driving cycle NBR 6601 [20] as shown in Figure 7 . The urban driving conditions are characterized by low speed, low engine load, and low exhaust gas temperature [42] . The cycle has a total distance of 12 km, average speed of 32 km/h, 91.2 km/h of maximum speed and the vehicle remains stationary for 17.2% of the cycle time. 
CO-SIMULATION
The co-simulation platform must support the communication between the both software [43] . This technique is used in the development stage in which the physical, mathematical, mechatronic and control systems are designed [44] . According to [45] too much detailed models generate a high computational cost, due to this the Adams TM model only considers the vehicle longitudinal dynamics. In this paper, the simulations were performed via the multibody dynamic analysis program Adams TM , in which the vehicular model that is based on a dynamometer bench as shown in Figure 8 which also shows the Simulink TM block that contains the Adams TM model inputs and outputs used in the co-simulation process.
Figure 8 -Adams TM model [19] and generate Simulink TM block [17] The vehicle chassis was connected to the base making impossible longitudinal movement between the wheels and the rollers that simulate the vehicle longitudinal displacement. The forces and movement between the rollers and the wheels are done by a means of a revolution joint that transmits the torques and acting speeds.
The second software used in the co-simulation is the Matlab/Simulink TM that allows the creation of the interface between the multibody dynamic model by means of the Adams TM plugin Adams/Controls TM which generates a Simulink TM block (Figure 8 ) that contains the Adams TM solver. As a result, the Adams TM model sends the current vehicle speed as an input to the Simulink TM that calculates the power demand according to the vehicle parameters from Table 1 and comparing the vehicle speed with the required cycle velocity. Once defined the power demand, the PMS split it between the available propelling systems that sends the respective torques as an input to the Adams TM block. The movement resistance forces are also an input to the Adams TM model, they act as a torque against the movement applied to the rollers. With the Simulink TM inputs, the Adams TM model updates the vehicle speed and it sends a new input value to the Simulink TM starting a new simulation step. 
PMS -POWER MANAGEMENT SYSTEM
The power control strategy (PMS) is responsible to split the power demand between both propelling systems. The energy saving in a HEV requires smart configuration design and proper component sizing, and also good control strategy [46] .The main issue for HEV design is controlling the energy transfer from sources to the loads with minimum energy loss which depends on the driving cycles [12] . The power control strategy objective is minimizing fuel consumption without sacrificing the vehicle performance [47] . The HEVs performance is tightly dependent on the power management strategies used to control the power flow between the different subsystems [4] . The essence of HEV PMS is determining when and how to use the ICE to fulfill the request output torque (or power) while maintaining battery within a range and minimizing frictional braking [48] .
In this paper is used the rule based on heuristic controls proposed in [17] , that define the energy source to propel the vehicle according to the PMS strategy which utilizes the electric system to reduce the ICE requested torque, changing the engine operation point and consequently the fuel consumption. When the power demand is low, the electric system acts as the primary propelling system and the ICE/powertrain system is only used when the total requested torque overcomes the maximum available electrical torque at the vehicle rear wheels.
RESULTS
The simulations models were divided into three groups according to the propeller system ( Figure 5 ). The first one is the conventional vehicle to establish a benchmark result to be compared with the HEV simulations. The HEVs are divided according to the EM coupling ways as: in-wheel and differential. For each of the HEVs configuration are tested 2 EMs with different torque and operation speed range (Figure 6 ). Due to the addition of the EMs and battery pack, the HEV total mass increases in 150 kg ( =1130 kg). The Table 2 shows the results of the 5 simulated cases. The first parameter analyzed was the final travel distance during the vehicle simulation. The NBR6601 was a 12 km total path, however the simulated vehicles does not reach the total cycle distance. It happens due to the engine torque supply interruption caused by the clutch decoupling in the gear shifting process, that consequently reduces the vehicle speed until the clutch recoupling what allows the vehicle reacceleration to reach the cycle requested speed.
As compared with the conventional vehicle, the simulated HEVs present an improvement of the vehicle performance due to the increase of the final travel distance as shown in Table 2 . This performance improvement happens because the addition of the extra electric propulsion system that acts independently of the ICE/powertrain system. Due to this, during the gear shifting process, the vehicle continues to be propelled by the EMs minimizing the speed decrease, increasing the vehicle displacement and reducing the vehicle requested acceleration to return to the cycle speed. The Figure 9 shows the difference between the conventional and the HEV acceleration performance in some cycle sections. The longitudinal acceleration transfers a parcel of the vehicle weight to the rear axle. Due to this, the maximum transmissible force between the frontal tires and the ground decreases and the vehicle is unable to apply the requested torque to keep the vehicle at the cycle speed when it is propelled only by the front wheels (ICE/powertrain). At the vehicle rear axle, the traction limit increases with the vehicle acceleration allowing the EMs to transfer more torque to the rear wheels improving the vehicle acceleration. The HEV acceleration performance is better due to the increase of the tire traction limit at the wheels propelled by the electric power and to also because of the continuity of EM torque supply during the gear shifting process.
The HEV simulation results also show a significant reduction of fuel consumption, the results vary according to the combination EM/drive system of the electrical system. In this paper it was used a 20 Ah battery pack limited to 60% of discharge ( = 40%) what in some simulated cases it was inadequate to fulfill the cycle with electric power until the end of the proposed velocity profile. If the battery reaches the discharge limit, the vehicle is propelled only by the ICE until the battery recharges at least 3% by regenerative braking. The Figure 10 shows the HEV (5 kW EM+ Differential) drive systems operation during the simulated cycle. This configuration presents a 42.16% of reduction at the fuel consumption. Due to the 5 kW low torque and high operation speed even as connected to the differential system (Figure 6 b) ), the PMS chooses to propel the vehicle by the combination of the both drive systems (ICE and EM) during the 1000 first seconds of the cycle. After that, the battery reaches the 40% and the vehicle finishes the cycle using the ICE system. The 5 kW EM was unable to recharge the battery (in the analyzed configuration) until the minimum value that allows to use it again.
In the configuration shown in Figure 10 , the 5 kW EM reaches the null torque at 89 km/h as shown in Figure 6 b), this speed limit is only reached in a small section of the cycle (240 s to 300 s). When the HEV is simulated with the 12 kW EM coupled to the differential, the EM reaches the null torque at 36 km/h. The Figure 11 shows that the 12 kW EM speed limit is reached in all acceleration section of the cycle. Due to this, the HEV acts as a conventional vehicle when the speed is over 36 km/h. Thus, the ICE fuel consumption reduction was 22.53% in this configuration what represents a small value as compared with the others HEV configurations. On the other hand, this configuration presents the minimum battery discharge of the studied cases, but the PMS was able to propel the vehicle, only by the EM system, in more cycle stretches due to the higher EM output torque, especially at the startup condition. The Figure 12 shows the propelling systems activation profile for the HEV with two 5 kW EMs connected in-wheel. This configuration presents a 47.49% improvement of the engine fuel consumption. These EMs provide a small output torque as coupled directly to the vehicle wheels, however they only reach the null torque at very high speed which the vehicle is unable to reach (Figure 6 a) ). The PMS uses this EMs combined with the ICE/powertrain system to present the battery charge that only reaches the discharge limit at the end of the cycle. The Figure 13 shows the HEV with two in-wheel 12 kW EMs PMS control profile. This configuration presents the best result among the simulated cases with an ICE fuel consumption improvement of 52.81%. This configuration reaches the EMs null torque at high speeds (150 km/h) that are over the cycle maximum requested speed as shown in Figure 6 a). Due to the higher output torque of these EMs, the PMS was able to propel the vehicle only by the electrical system for the largest sections of the cycle. This behavior saves fuel because the ICE is turned off, however it increases the battery discharges that reach the maximum closer to 600 s of simulation. In the Figure 13 it is possible to observe that the PMS stops using the EMs system due to the battery discharge has reached the maximum acceptable value at 600 s. However, the 12 kW EMs (when coupled in-wheel) present the best regenerative braking efficiency, what allows the battery recharge until the minimum value that is possible for the PMS to use the electrical system. This enables the HEV to operate with both drive systems in the acceleration stretch at 960 s discharging the battery until the limit of 40% and disabling the EMs until the end of the cycle. The Figure 14 shows the battery state of charge ( ) behavior according to the HEV configurations to complement the explanation of the PMS control strategies shown previously. The configuration that uses the 12 kW EM coupled to the differential presents the smaller battery discharge that make possible, for this HEV, to use a small battery pack that could reduce the total vehicle mass and consequently the vehicle power demand.
CONCLUSION
In this paper it is studied the influence of different HEVs and they are compared with the conventional vehicle propelled by the ICE. The results are obtained by means of co-simulations between the multibody dynamics analysis software Adams TM that represents the vehicle longitudinal dynamic model and Matlab/Simulink TM in which it is implemented the movement resistance forces equations and the vehicle propel systems models.
To create a benchmark among the simulated vehicles it was adopted the Brazilian urban driven cycle NBR6601 as an input to define the driver behavior of the vehicle requested acceleration. The first simulation considers the conventional vehicle that is propelled only by the ICE/powertrain system. More two parallel HEV configurations (in-wheel and differential) with two EMs and also different torque and operation speed range were simulated.
The simulations evaluated the vehicle performance as compared with the standard driving cycle, the fuel consumption, and the battery discharge behavior according to the vehicle configuration and PMS strategy.
The HEVs configurations present an acceleration performance improvement as compared with the conventional vehicle even with the increase of the vehicle mass due to the addition of the EMs system and battery pack. The fuel consumption also presents a significant improvement (52.81%. -the best reached result). However, in this paper the battery pack starts the cycle fully charged and the cost of the electric energy used to charge the battery was not considered in the HEV overall system. Therefore, the reduction of fuel consumption had been compensated based on the initial electrical system charge cost to estimate the real gain of the HEV as compared with the conventional vehicle.
The regenerative braking also was considered in the simulations. According to the combination of EM/coupling system, the EMs present different behaviors to convert the vehicle kinetic energy during the braking process in electrical energy used to recharge the battery. The inwheel configuration presents the best regenerative efficiency because in this configuration they were used 2 EMs instead of a single EM with differential.
The HEVs are an alternative to reduce the vehicle fuel consumption because the addition of the electrical power source enables to operate the engine at a different point, salving fuel. The extra electrical EMs, coupled to the vehicle rear wheels, also improved the vehicle acceleration performance, reducing the performance decrease due to the tire traction limitation and the lack of torque caused by the clutch decoupling during the gear shifting process. However, there are others ways to introduce alternative power sources in the vehicle. Simulations are a good way to analyse the dynamic behavior of the vehicle, to generate PMS strategies and to design the real vehicle propelling system and optimizing them for the new driving conditions.
